Viral molecular determinant(s) involved in the tobacco vein necrosis (TVN) symptom induced by necrotic isolates of Potato virus Y (PVY) on
-139) were used to produce PVY chimeric genomes by using reverse-genetic techniques. These chimeric clones were inoculated biolistically onto Nicotiana clevelandii plants to establish the clone, prior to being tested on N. tabacum for their ability to induce TVN symptoms. Comparison between sequence data and symptoms observed for each mutated PVY construct shows that the C-terminal part of the multifunctional HC-Pro protein includes two residues (K 400 and E 419 ) that are involved in TVN induced by PVY N isolates. Site-directed mutagenesis was used to confirm that these two HC-Pro residues are involved in the TVN phenotype.
Potato virus Y (PVY, type species of the genus Potyvirus) is an economically important virus (Shukla et al., 1994) . The virus is transmitted by aphids in a non-persistent manner (Sigvald, 1984) and infects several crop species in the family Solanaceae (De Bokx & Huttinga, 1981; Brunt et al., 1996) . The viral genome consists of a single-stranded, positivesense RNA molecule of about 10 kb in length, with a VPg protein attached covalently to the 59 end and a poly(A) tail at the 39 end. The viral RNA encodes a single, large polypeptide that is cleaved by three virus-encoded proteases into nine products (Dougherty & Carrington, 1988) . The classification of PVY isolates is complex: firstly, according to the host from which they were originally collected, isolates have been classified into four different strains, corresponding to potato, pepper, tobacco and tomato strains. Secondly, the classification of isolates into PVY strains takes into account biological (symptomatology and resistance response) and/ or serological properties to define different virus groups. Finally, in some cases, molecular data reinforce the strain grouping classification, whilst at other times, subgroups or variants can be identified. For the PVY potato strain, three groups, corresponding to PVY N , PVY O and PVY C (Le Romancer et al., 1994) , of which the first two are the most common, have been created according to the systemic or local symptoms that the PVY isolates induce on Nicotiana tabacum and Solanum tuberosum. Isolates belonging to PVY N induce veinal necrosis on N. tabacum cv. Xanthi leaves and very mild mottling with occasional necrotic leaves on potato, whereas PVY O isolates induce only mottling and mosaic symptoms on tobacco and mild to severe mosaic and leaf drop on potato. The PVY C isolates induce stipple streak symptoms on some cultivars of potato. Even though the ability of PVY potato isolates to cause necrosis is one of the most important factors involved in taxonomy and the principal cause of the agronomic impacts of PVY, few data are available on the molecular determinants of this biological property. The characterization of such determinant(s) constitutes an important challenge for better understanding PVY-plant interactions. As already described for numerous plant viruses, any sequences of the viral genome corresponding to open reading frames, regulatory elements, non-coding sequences or silent mutations could be involved in virus symptom induction (Rigden et al., 1994; Zhang et al., 1994; Kong et al., 1995; van der Vossen et al., 1996; Cecchini et al., 1997; Hirata et al., 2003) . However, previous work on PVY characterization based on comparison between biological, serological and molecular properties of PVY N and PVY O isolates (Glais et al., 2002) has restricted the putative domain involved in tobacco vein necrosis (TVN) to a 2 kb region from the 39 end of the P1 gene to the 59 end of the P3 gene (Fig. 1) . HC-Pro is well characterized as a multifunctional protein involved in proteolyses, aphid transmission, accumulation of viral RNA, systemic movement and suppression of gene silencing (Carrington et al., 1989; Oh & Carrington, 1989; Atreya et al., 1992; Maia et al., 1996; Kasschau et al., 1997; Anandalakshmi et al., 1998) . Data on P1 are restricted to its involvement in genome amplification (Verchot & Carrington, 1995) and its ability to bind single-stranded RNA (Brantley & Hunt, 1993) . P3 is one of the less well-characterized potyvirus proteins: known to be associated with potyvirus cytoplasmic inclusion bodies (Rodríguez-Cerezo et al., 1993) , it has recently been demonstrated that P3 has a dual role in symptom induction and avirulence (Saénz et al., 2000; Jenner et al., 2003) . Based on these data, these three polypeptides could be involved separately or in association in the TVN-inducing process. In order to precisely identify molecular determinant(s) for TVN, we have created and biologically tested genetically modified PVY genomes corresponding to in vitro recombinants between PVY N and PVY O isolates.
As reference isolates of the two main PVY groups, N-605 (PVY N ) and O-139 (PVY O ) were used to create chimeric PVY N/O isolates by replacement of selected PVY N sequences in the infectious N-605 clone (Jakab et al., 1997) by homologous sequences from PVY O -139 (GenBank accession no. U09509). The full-length infectious PVY N -605 clone is a bipartite system including two overlapping PVY subclones (p59end and p39end), which requires a reconstruction step prior to being inoculated biolistically (Helios Gene Gun system; Bio-Rad) onto young leaves of Nicotiana clevelandii (four-to five-leaf plantlet stage). Aliquots (100 mg) of the two purified subclones were digested by using 300 U BstXI and 300 U KpnI (both from Biolabs) according to the manufacturer's instructions. For the p59end plasmid, digestion was performed in the presence of 10 U calf intestinal phosphatase (Promega). After a phenol/chloroformextraction step, the generated DNA fragments (plasmids and viral sequences) were mixed in the presence of 150 U T4 DNA ligase (Qbiogene) for 16 h at 16 uC. Ligated DNAs were extracted by the phenol/chloroform procedure and resuspended in 50 ml nuclease-free water. Gold particles (25 mg, 1?0 mm in diameter) were mixed with 100 ml 50 mM spermidine, sonicated for 4 s and added to the ligated DNA. Cold CaCl 2 (100 ml) was added slowly to this mixture and the latter was kept at room temperature for 10 min. After a centrifugation step at 12 000 r.p.m. for 15 s, DNA-coated gold particles were washed three times with 1 ml cold absolute ethanol and transferred to 3 ml ethanol containing 0?05 mg polyvinylpyrrolidone ml 21 (M r 360 000). This DNA-coated gold suspension was finally transferred into a 63?5 cm polypropylene tube, dried and cut into 50 cartridges, each containing approximately 2 mg DNA. Bombardments were performed at 200 p.s.i.
(1?38 MPa) with a 3 cm distance between the gun and the targeted leaf. Each plant was inoculated three times on three separate leaves. After the bombardment, plants were kept under greenhouse conditions for 3 weeks. Infection was checked by using ELISA performed on non-inoculated leaves, using a polyclonal antibody (INRA-FNPPPT) raised against the PVY coat protein.
Analysis of the PVY N -605 sequence (GenBank accession no. X97895) allows the identification of unique restriction sites (Fig. 2) . Considerable variation in the efficiency of the biolistic-mediated inoculations of the PVY N/O constructs (from 1/13 to 13/14) was observed in our experiments. Similar results were obtained with the wild-type infectious N-605 clone. Indeed, the mean of N-605-infected N. clevelandii (34?65 %; 35/101) results from six independent inoculation experiments that were associated with infection efficiencies ranging from 15 to 75 % (2/13 to 9/12). Surprisingly, the PVY N/O BsBg genome was not infectious on N. clevelandii, as denoted by the negative ELISA results obtained with the 77 biolistically inoculated plants that resulted from seven independent experiments, each performed with eight to 13 test plants. As N. clevelandii was used only to establish infection from PVY infectious clones, a single infected N. clevelandii for each chimera was sufficient to produce the required amount of infectious viral particles. Crude sap from infected N. clevelandii was used in mechanical inoculations of young N. tabacum cv. Xanthi plants (three-to four-leaf stage). Three weeks post-inoculation, all plants were tested successfully for virus infection by ELISA assays and monitored for leaf symptoms. For each tested construct, the HC-Pro/P3 nucleotide sequence of the viral progeny produced in infected N. tabacum cv. Xanthi was determined and compared to the PVY sequence in the inoculated plasmid. No (Fig. 3) (Fig. 2) . These two mutants were infectious in N. clevelandii (Fig. 2) ; however, neither of them was able to induce necrosis symptoms on N. tabacum cv. Xanthi. These results denote the requirement of at least one residue in both the NruI-SpeI and SpeI-BstZ17I regions in the TVN process. Taken together with the sequence alignment (Fig. 3) , this work suggests that K 400 and E 419 in the PVY HC-Pro sequence support the TVN property of the PVY N -605 isolate. Point mutations corresponding to A/G 2213 and A/C 2271 were introduced in the N-605 infectious clone sequence by using degenerate primers and the megaprimer cloning strategy (Ke & Madison, 1997) to produce the PVY N/O -KE / RD clone (Fig. 2) The reported study demonstrates that, of the PVY products, the C-terminal part of the multifunctional HC-Pro protein includes, close to the cysteine-type proteinase active site [C 351 and H 424 , according to Oh & Carrington (1989) ], two residues (K 400 and E/G 419 ) that are involved in the tobacco necrosis response produced in N. tabacum cv. Xanthi when infected by PVY N . However, this study does not rule out the putative presence of other molecular determinant(s) involved in the TVN property in the PVY sequence, either in the region P1/HC-Pro/P3 (which was not tested completely, due to the non-infectious state of the PVY N/O BsBg construct) or somewhere else in the PVY full-length sequence. Nevertheless, the identification of these first molecular determinants for the TVN property constitutes a key step for setting up the first PVY detection/characterization tool directed against a molecular marker linked with biological properties used to classify PVY N and PVY O potato-strain isolates. Fig. 3 . Animo acid sequence alignment of HC-Pro C-terminal region and P3 N-terminal region based on translated nucleotide data from the NruI-BstZ17I region. Only nine conserved residues are presented and amino acid and nucleotide scales are presented according to Jakab et al. (1997 
